It is now well understood that, although proteins fold spontaneously (in a thermodynamic sense), many nevertheless require the assistance of helpers called molecular chaperones to reach their correct and active folded state in living cells. This is because the pathways of protein folding are full of traps for the unwary: the forces that drive proteins into their folded states can also drive them into insoluble aggregates, and, particularly when cells are stressed, this can lead, without prevention or correction, to cell death. The chaperonins are a family of molecular chaperones, practically ubiquitous in all living organisms, which possess a remarkable structure and mechanism of action. They act as nanoboxes in which proteins can fold, isolated from their environment and from other partners with which they might, with potentially deleterious consequences, interact. The opening and closing of these boxes is timed by the binding and hydrolysis of ATP. The chaperonins which are found in bacteria are extremely well characterized, and, although those found in archaea (also known as thermosomes) and eukaryotes have received less attention, our understanding of these proteins is constantly improving. This short review will summarize what we know about chaperonin function in the cell from studies on the archaeal chaperonins, and show how recent work is improving our understanding of this essential class of molecular chaperones.
Insights into chaperonin function from studies on archaeal thermosomes The roles of molecular chaperones
A classic experiment, published in 1988, was one of the earliest demonstrations of the cellular role of molecular chaperones [1] . In this experiment, a strain of Escherichia coli was constructed lacking a gene called rpoH, which encodes an RNA polymerase subunit that, when present, leads to transcription of the E. coli heat-shock genes. Lack of rpoH leads unsurprisingly to temperature-sensitivity, but it was perhaps unexpected to discover that such strains cannot grow above 20
• C, well below the optimal growth temperature for E. coli, thus showing that the genes of the heat-shock response are expressed and required for growth at normal temperatures. This study posed the question what mutations are found if strains that lacked rpoH are selected for growth at temperatures above 20
• C? The answer was that such mutants were found to overexpress an operon which encodes two of the heat-shock genes, groES and groEL; the higher the temperature that was used for selection, the greater the degree of overexpression that was found. A subsequent study showed that many cellular proteins fail to fold in strains lacking rpoH, and that the overexpression of the groES and groEL genes largely suppresses this defect [2] . Before this paper was published, a separate study had shown that the bacterial groEL gene was homologous with a chloroplast protein [Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase)-binding protein] which was required for the assembly of oligomeric ribulose bisphosphate carboxylase, an important and significant finding in the days before the onset of complete genomes and BLAST servers [3] . Subsequently, it was shown that the GroEL and GroES proteins could help Rubisco subunits to fold in an ATPdependent fashion [4, 5] . The name 'molecular chaperone' was proposed for proteins which could help other proteins to fold, and, in many subsequent experiments, large numbers of such chaperones have been identified and studied.
For a newly discovered protein to be admitted to the rather exclusive molecular chaperone club, it should be shown that it does indeed assist in protein folding both in vivo and in vitro. In vivo experiments usually involve the study of mutated strains or organisms to see whether specific proteins fail to fold (and are hence either degraded or found in insoluble aggregates) when the gene for a particular molecular chaperone is deleted. In vitro experiments involve reconstitution of the folding reaction for suitable client proteins of the molecular chaperone with purified components, showing that the client, when starting from its denatured state, becomes aggregated, or at least fails to fold, in the absence of the molecular chaperone, and that aggregation is blocked or reversed, and ideally folding is enhanced, in the chaperone's presence. Such experiments are often called neo-Anfinsen experiments, as they are extensions of the Nobel prize-winning work of Peter Anfinsen, which showed that denatured proteins would refold spontaneously to their native state when the denaturant was removed [6] . The existence of molecular chaperones does not violate Anfinsen's original conclusion that the native state of proteins represents the lowest free-energy state of the protein. The problem with protein folding inside the cell is kinetic, not thermodynamic: proteins which fold in the highly crowded intracellular milieu may finish up in aggregates with other proteins, largely because hydrophobic residues on a folding polypeptide chain make inappropriate contacts with other similar residues on other polypeptides which are folding in close proximity, rather than with hydrophobic residues on the same chain [7, 8] . The main roles of molecular chaperones is to block the formation of these aggregates or other misfolded structures, or to reverse their formation if they are formed.
The chaperonins
Among the many classes of molecular chaperone which have been defined by sequence homology, the GroEL protein belongs to a group referred to as the chaperonins. These proteins are found in nearly all organisms, a few mycoplasmas being the only known exceptions. All are approx. 60 kDa in size, and they break down phylogenetically into two related but clearly distinct groups: the group I chaperonins, found in bacteria and organelles of endosymbiotic descent, and the group II chaperonins, found in archaea and the eukaryotic cytosol. Chaperonin proteins assemble into large oligomeric complexes consisting of two stacked rings of subunits, each enclosing a central cavity which is the site where their client proteins fold. The group I chaperonins all have rings with 7-fold symmetry, whereas the group II chaperonins are 8-or 9-fold symmetrical [9, 10] . The structures of several of these complexes have been solved with atomic resolution and they have been subject to significant genetic, biochemical and biophysical dissection. The way in which the group I chaperonins function is quite well understood, although the precise mechanisms of their action is not without controversy; the group II chaperonins are less well studied, but certain features of both their mechanism of action and their in vivo roles are beginning to emerge.
Chaperonins act by sequestering early protein-folding intermediates within the central cavity, where they are unlikely to aggregate, given the absence of any other folding proteins. Whether this process is entirely passive or whether the chaperonin has a more active role to play is still under study [10, 11] . For the group I chaperonins, the reaction involves the binding of a client protein to hydrophobic patches at the end of one of the rings (the cis ring), followed by the binding of ATP and the co-chaperonin GroES to the same ring, causing a large conformational change in the complex and the displacement of the client protein into the cavity. Folding can take place here for as long as GroES remains bound, capping the cavity, and this is timed by the hydrolysis of ATP, since negative co-operativity between the rings prevents anything binding to the opposite (trans) ring. Once ATP has been hydrolysed, which takes some seconds, client protein, ATP and GroES bind to the trans ring, and the cis ring-bound GroES dissociates, leaving the client free to leave the complex [10] . The basic mechanism of the group II chaperonins is thought to be broadly similar, but as archaea lack a co-chaperonin protein, an important question to address is how the folding cavity is closed during the reaction cycle and whether the alternating action of the two rings is also part of the group II chaperonin mechanism. Structural studies, combined with neo-Anfinsen experiments on the archaeal chaperonins, provide the answers.
Structural and functional studies on thermosomes
The first structure of a thermosome oligomer, from Thermoplasma acidophilum, showed an 8-fold symmetry with two rings of eight subunits each, arranged with alternating α and β subunits in the rings [12] . The fold of the protomers is very reminiscent of GroEL protomers, despite the relatively low sequence similarity between the two types, but a striking difference between the structures of the group I and group II chaperonins is the presence of a 'helical protrusion' of 33 residues which acts as lid to the cavities in the two rings, and hence is an excellent candidate for providing the function which GroES fulfils with the group I chaperonins. The first crystal structure was obtained in the presence of various different nucleotides or in the nucleotide-free state, but this lid was always closed. Other studies with different methods including cryoelectron microscopy and SANS (small-angle neutron scattering) [13] [14] [15] [16] showed the existence of an open form where at either one or both of the ends of the complex, the helical protusions were raised, opening the cavity (and also presumably exposing potential client protein binding sites). These studies did not distinguish the nature of the event that brings about the transition between the two forms, and this was unclear for some time, but this question appears to have been settled by the demonstration that a thermosome mutant that can bind, but not hydrolyse, ATP remains in the open conformation, strongly suggesting that ATP hydrolysis is required for lid closure [17] . Structural studies have revealed the existence of a partially closed state [18] , which, it has been proposed, may be needed for folding clients that are too large to fit in the fully closed complex. A combination of single-particle cryoelectron microscopy, computational modelling and X-ray crystallogaphy has revealed structures for the thermosome from Methanococcus maripaludis both in the closed and the open state, which should facilitate the identification of key residues needed for binding of client proteins and progression through the reaction cycle [19, 20] (Figure 1 ). The open structure was obtained for a form of the chaperonin where the regions which make up the lid were deleted, and replaced by a short amino acid linker. The properties of this mutated protein are revealing: it can still bind client protein and hydrolyse ATP, but it can no longer mediate the refolding of the protein in neo-Anfinsen-type experiments [17] . The reasons for this are surprisingly complex.
The simplest way to consider the action of a chaperonin is as a single ring, which exists in two conformations: an open state which is competent to bind nucleotide and client proteins, and a closed state which is competent to fold them. Binding and hydrolysis of nucleotide by one ring is highly co-operative, which may be important in enabling single-particle cryo-electron microscopy and computational modelling as described in [19] The images were derived from PDB codes 3LOS and 3IYF respectively, visualized using PyMOL (DeLano Scientific; http://www.pymol.org). the co-ordinated movements in the chaperonin complex that occur during the reaction cycle, as well as ensuring nearly simultaneous release of bound client into the folding cavity (since it may initially be bound to more than one subunit of the ring). A second level of complexity is then introduced by considering the second ring and the allosteric connection between the two. In both group I and group II chaperonins, it has been shown that negative co-operativity exists between the two rings, such that the affinity of a ring for ATP is drastically lowered if the other ring has ATP bound [21, 22] . This property forces the chaperonins to work as a twostroke motor where the folding of client proteins alternates between the two rings. Remarkably, loss of the thermosome lid leads to loss of both intra-and inter-ring co-operativity, showing that the lid functions not only to cap the cavity where protein folding occurs, but also to regulate the progression of the folding complex through the reaction cycle, a feature which is unique to group II chaperonins [17] .
Thermosomes: genetic and in vivo studies
Genes encoding one or more thermosome subunits are found in all complete archaeal genomes which are currently available. A few also contain genes encoding group I chaperonins, and a few group II chaperonin genes are found in bacterial genomes [23] [24] [25] . The number of genes varies from one to five, with two being the commonest number [24] Structural studies show that many thermosomes are heterooligomeric, but in the one case studied genetically (Haloferax volcanii, which has three chaperonin genes), cells remain viable even after two of these genes have been deleted [26] . If the remaining copy is placed under the control of a tightly repressible promoter which is then turned off by growth in the appropriate medium, cells grow for a few generations, but then stop and eventually lyse, proving that, for archaea (and consistent with results from bacteria and eukaryotes), chaperonins are essential for viability [27] . Phylogenetic evidence suggests that chaperonin gene duplication and loss is common in archaeal lineages, unlike in the eukaryotes, where eight distinct chaperonin genes arose very early in the eukaryotic lineage [28] . Moreover, the part of the gene encoding the region of the protein which is predicted to be involved in client protein recognition is subject to significant gene conversion, the implication being that, in archaea, the duplicated genes do not encode proteins with significant client specificity [29] , in contrast with the eukaryotic proteins, where all eight genes have to be present for viability. However, it has been shown in the only genetic study to date that, of two chaperonin genes from Haloarcula morismortui that can be successfully expressed in the closely related H. volcanii, only one can replace the essential function of the H. volcanii chaperonins, implying that there may be some specialization of function in some archaeal chaperonins, which is also probably the case with the duplicated group I chaperonins found in many bacterial genomes [27, 30] .
Chaperonin genes are generally members of the heat-shock regulon in archaea, being transcribed under all conditions, but strongly up-regulated upon heat shock. Indeed, in some cases, they are virtually the only protein synthesized when the cells are subjected to heat shock [31] [32] [33] . The heat-shock regulon of archaea is surprisingly restricted when compared with that of most bacteria, and some common chaperones (such as homologues of the Hsp70, Hsp90 and Hsp100 genes found in bacteria and eukaryotes) are rare in, or absent from, many archaeal genomes [34] . The functional significance of this, and in particular the possibility that there are other chaperones unique to archaea, has not been explored.
Chaperonins in bacteria are essential because several proteins which are essential for cell growth are among their client proteins [35, 36] . Archaeal chaperonins are also essential, so this is presumably true also for archaea, but to date only one study has addressed this directly, and this was done in an organism (Methanosarcina mazei) which also expresses group I chaperonins, making this a rather special case [37] . In this study, co-immunoprecipitation experiments coupled with proteomics methods did detect approx. 250 potential client proteins for the thermosome in this organism, of which 14 were predicted to be essential. The presence of both group I and group II chaperonins in this organism enabled the authors to address an interesting question which was whether there was evidence for some selectivity between the two chaperonin types, or whether they bound the same proteins. The answer was that, although many proteins were identified that were apparently bound by both chaperonins, a significant number were bound by one, but not the other, clearly suggesting some selectivity by the two different chaperonin families. In total, of the 252 thermosome clients identified, 150 (60 %) showed evidence of binding to the thermosome, but not to the endogenous group I chaperonins in M. mazei. This points to a degree of difference in the mode of binding of the two chaperonins, and indeed a bioinformatics analysis of the properties of the client sets showed the group II chaperonins to be capable of binding a wider range of fold types of clients than the group I chaperonins.
Summary and conclusions
Good progress has been made in studies on the group II chaperonins in recent years, in terms of understanding their mechanism of action and their in vivo role, and the thermosomes have proven especially valuable as a model system both for the group II chaperonins and for chaperonins in general. However, the detailed reaction cycle is still better understood for the group I than for the group II chaperonins, and the fine details of the structural changes that occur during the reaction cycle, including the ways in which allosteric information is transmitted between the two rings, remain to be elucidated for both types. The improvement of genetic tools which are available for use in archaea means that a better understanding of the in vivo roles of the thermosomes is emerging, and it is now possible to probe their structurefunction relationships with the combined power of detailed structural models and good in vivo methods.
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